Correlation function of depolarized scattering from polydisperse nanoparticles
We utilize that correlation is a linear operation, and the correlation function corresponding to a given particle size is weighted by the intensity of depolarized scattering. Accordingly, the intensity-weighted correlation function can be expressed as where P(r) describes the probability density distribution of the particle radii and I vh (r) is the intensity of depolarized scattering from a particle of radius r. The intensity of depolarized scattering can be expressed through the depolarization ratio ρ First, we estimate the dependence of I vv on the radius of gold particles via the Mie theory. 3, 4 The results
show that the intensity of polarized scattering (I vv ) from a spherical gold particle of radius r is proportional to the square of the particle volume V(r) ( Figure S1a ) -up to a radius of approximately 60 nm -and rather independent of the angle of scattering ( Figure S1b ). Figure S1c shows the scattering and absorption spectra of gold particles, and Figure S1d shows the dependence of the scattering and absorption coefficient at a given wavelength on the particle size. The results, obtained at the wavelength of our laser, show that for diameters below approx. 120 nm the gold particles may be treated as classical 'Rayleigh particles', that is the light absorption and scattering is proportional to V (particle volume) and 2 , respectively. Therefore, one can write (4) I vv (r, q) ∝ V 2 (r), and the correlation function can be now written to involve the depolarization ratio .
The size limit that still preserves these relations is both material dependent and a function of the wavelength. In general, laser wavelengths being in the proximity of the peak of the localized surface plasmon resonance will decrease the upper size limit.
We determine next the depolarization ratio of gold NPs. For particles that are small compared to the wavelength of the incident light, the induced dipole moment is linearly proportional to the external electric field: 3
where ϵ is the absolute permittivity, ≡ �p x , p y , p z �, ≡ �e x , e y , e z �, and α � is the so-called polarizability tensor: 3 (7) α � = α ij ≡ � e x p x e x p y e x p z e y p x e y p y e y p z e z p x e z p y e z p z �.
For an axially symmetric NP (such as a spheroid with axes L x , L y , L z ), the orientation-averaged polarizability tensor is also symmetric and can be rewritten in a diagonal form: , and n p and n are the refractive indices of the particle and the surrounding medium, respectively. G i is a geometrical factor (10)
that takes into account the axes of the particles. 3 ∑ G i = 1
x,y,z i and 0 < G i ≤ 1, and for perfect spheres G x = G y = G z = 1 3 ⁄ . For particles with shape anisotropy G i ≠ G j , and thus α i ≠ α j , which gives rise to depolarized scattering. The depolarization factor of randomly oriented (orientation-averaged) particles can be expressed as 5, 6
where A ≡ ∑ |α i | 2
x,y,z i and B ≡ Re �∑ α i * α j
x,y,z i<j �. Both A and B being proportional to V 2 indicates that for a homogenous particle being small compared to the wavelength of the incident light, ρ is not an explicit function of overall particle size but only a function of the ratios of L x , L y , L z , representing shape anisotropy. It is worthwhile to mention that while a non-zero ρ can originate from shape anisotropy of the particle, it can also result from internal anisotropy, e.g. from an internal crystalline structure. The intensity of depolarized scattering from a small spherical particle having a crystalline internal structure is also proportional to the square of the particle volume, and thus I vh ∝ r 6 . 7 This finding was based on the argument that the intensity is proportional to the square of the optical anisotropy, which stems from the polycrystalline nature of the particles, and one assumes that the total volume occupied by the crystalline regions, i.e. the domains of atomic arrays within a particle, is proportional to the total volume. particles at λ = 660 nm as a function of particle radius (full symbols). The solid lines indicate their dependence on particle radius. Since round gold nanoparticles do exhibit a certain degree of shape anisotropy ( Figure 1 ) as well as internal anisotropy, 8 it can be expected that both contribute to depolarized scattering, 9 although the relative weight of their contribution is particle dependent. Additionally, ρ is a nontrivial function of the wavelength, for the refractive index is a function of the wavelength, and the refractive index is a function of particle size as well. 10 Nevertheless, the dependence of the latter is found to be rather moderate when the particle size is already beyond a few nm, 11 and beyond this regimeρ(r) becomes practically constant. This constant, ρ(r) ≅ ρ, can be brought in front of the integral and consequently will vanish:
We expand the negative exponential into a power series about t = 0 is the n th raw moment of P(r).
Influence of polydispersity on DDLS spectra
At sufficiently short times, the decay of the correlation function is simply proportional to time
Therefore, collecting dynamic light scattering spectra frequently consists of recording correlation functions at several angles, and afterwards quantifying and plotting the exponent 〈Γ〉 as a function of q 2 . This is because the corresponding data points are expected to define a straight line whose intercept and slope are equal to 〈6D R 〉 and 〈D T 〉, respectively.
The influence of polydispersity on DDLS spectra can be already well grasped by analysing the behaviour of this linear relationship. The first moment is given by These two values are equal only in the case of monodisperse particles, and both increase with polydispersity. Figure S5 demonstrates the influence of polydispersity on DDLS spectra. The results show g 1 (t) functions obtained from lognormal distributions of particle radius with different polydispersity indices. The correlation functions are characterized in terms of average relaxation rate 〈Γ〉 plotted as a function of q 2 , where from both the evolution of the corresponding intercept 〈6D R 〉 and slope 〈D T 〉 are obtained.
It is also worth considering the dispersion of Γ. Its value is usually defined by the coefficient of variation of P(Γ):
δΓ is a function of only σ, and is frequently determined by using the approach of cumulant expansion. 17, 18 We obtain that For a lognormal distribution
These relationships have two important consequences: First, compared to standard dynamic light scattering, depolarized scattering considerably enhances the 'apparent' polydispersity present in g 1 (t), for at low polydispersity δΓ(DDLS) ≅ 3σ, which is three times larger than δΓ(DLS). Therefore DDLS is able to resolve any narrow size distribution better than DLS. Second, δΓ(DDLS) rises above 100% when σ is beyond ~30%. Such high values of δΓ in DLS spectra are usually attributed to multimodality; however in the case of DDLS, it is an inherent property and not the signature of multimodality. The consequence is that in this regime a not 'heavy-tailed' unimodal distributions of P(Γ) is not be able to describe DDLS spectra. 
The lognormal distribution
The lognormal distribution is described by two parameters: µ and ε
The average value is
We express the degree of dispersion by the so-called polydispersity index: σ ≡ standard deviation divided by the mean, which by definition is equal to the coefficient of variation. It can be shown that
Expressing the lognormal distribution directly with ⟨r⟩ and σ, we obtain Then, the j th raw moment of P(r) can be written as a function of the average particle size and polydispersity index
Z-average
Z-average of polydisperse particles is always bigger than the number-averaged mean: ⟨r 6 ⟩ ⟨r 5 ⟩ ⁄ > ⟨r⟩ . This can be understood by considering the fact that the raw moments can be also written as a function of the number-averaged mean and polydispersity index: �r j � = ⟨r⟩ j × f(n, σ). In the case of lognormal distribution:
Since σ 2 > 0 and j is a positive integer, it follows that �r j � > ⟨r⟩ j . Similarly, it can be shown that �r j+1 � �r j � � = ⟨r⟩ ×
(1 + σ 2 ) j , which means that �r j+1 � �r j � � > ⟨r⟩.
TEM versus light scattering
Though standard TEM analysis is the first and basic tool when it comes to characterizing particles, it is not well-suited to determine hydrodynamic size because it is not an in situ approach. 12 Firstly, the presence of a thin citrate coating on the NPs, 13 invisible in TEM, will influence the hydrodynamics. But perhaps even more important and worth noting is that TEM may easily become user-biased, especially when thresholding methods are used to define the edges of the NPs. Second, while the raw moments 〈Γ n 〉 obtained by the polynomial functions and their relations to ⟨r n ⟩ are established by a model-independent approach, one deals with an ill-posed inverse problem, due to the character of the Laplace transform. Owing to the nature of such problems, modelling is frequently introduced. This step is usually based on complementary information collected independently. Although models are always incomplete, they are nonetheless able to account for certain selected characteristic features of the sample. The model we introduced here is that of the use of the lognormal distribution of spheres, whose shape captures rather well that of the distribution obtained from TEM. Additionally, the values estimated via a parametric statistical distribution depend on the analytical model itself, and there are many parametric statistical distributions that have been applied to describe particle systems. 14 Hence by using a different model, one should not expect to find exactly the same result. Third, one should not disregard that the 'modus operandi' of TEM and DDLS are rather different: The physical phenomena underpinning these two techniques and the related steps (i.e. the mathematical operations used for deriving secondary, tertiary, etc. variables starting from the primary data) are apart from one another, as in fact, they do not measure the same physical quantities at all. While they both measure certain distribution of random variables that are related to particle size distribution, the relationships between the different sets of variables and the particle size are actually different in both cases. While TEM image analysis is based on the geometrical interpretations of a twodimensional 'footprint' of a three-dimensional particle projected onto a plane, the hydrodynamic size is inferred from a random interference pattern whose temporal fluctuation relate to hydrodynamic diffusion phenomena. This also means that an uncertainty -here corresponding to the degree of polydispersity -propagates differently. This is because the given sets of the mathematical relationships used for determining particle size are not identical. For example using TEM, one may estimate the size via more than one way. This is because the particles are neither perfectly spherical nor uniform in shape; that is the deviations from the spherical shape are irregular and quite arbitrary, and thus, the shape itself is polydisperse too. In general, perimeter and area may be correlated or Ln �p �1 + �1 − 1
where A is the half of the major axis and p is the aspect ratio. In the limit of p → 1, one obtains the expressions corresponding to spherical particles with radius of A. The hydrodynamic radius can be obtained by solving this equation: Γ R (A, p) + Γ T (A, p, q) = Γ(q, r), where Γ(q, r) = 6D R + q 2 D T . It is easy to show that at a constant perimeter, the higher the aspect ratio the smaller the hydrodynamic radius, even at moderate aspect ratios. Therefore, even if the perimeter-equivalent size is kept uniform, the corresponding hydrodynamic radius will not be uniform.
Consequently, in the case of not perfectly spherical particles when the perimeter exhibits dispersion, it may be expected that the dispersion of the hydrodynamic size exceeds that of the perimeter-equivalent size. The shape of the gold particles presented here are overall not far from that of a sphere. Their shape, however, are not regular but arbitrary. Regardless, since the relaxation rate corresponding to rotational diffusion shows an enhanced sensitivity towards the relative changes in the hydrodynamic size, 8 it can be expected that the overall relationship between shape heterogeneity and dispersion in the hydrodynamic radius is formally analogous, and thus a very similar tendency is preserved.
Nanoparticle tracking analysis
Nanoparticle tracking analysis was performed at room temperature (25 °C), using a digital microscope system (NS500, NanoSight, Malvern Instruments, λ =488 nm, P max. < 60 mW). To observe and track approximately 50 particles within the microscope's field of view, the particle suspension was diluted to a concentration of 10 8 - The instrument was unable to track the small NPs (Au1 NPs) with the performance available. Considering the characterization of the Au2 NPs (50 nm), tracking and analysis determined larger particles (mean: 81 nm, polydispersity index: 62%) and a wider distribution, but the overall tendency is not entirely inconsistent when compared to TEM and DDLS ( Figure S2 ). This is likely due to the fact that while NTA is fairly reliable for large particles, its sensitivity to NPs at the lowest end of the accessible size range is cut off (below ~30nm in case of Au NPs). The cause is, among others, the limited dynamic range and sensitivity of the camera, and therefore, one obtains a size distribution that is skewed towards larger sizes. 17 Figure S2 . Number-averaged size distributions obtained by using NTA, TEM (perimeter-equivalent diameter), and DDLS (lognormal model).
Taylor-Aris dispersion
The initial concentration profile (t=0) was located within a small region at the injection point (x = 0), and the observation time was greater than the time required for the particles to diffuse radially across the capillary, that is, .
In the case of Au NPs, absorption dominates at the used wavelength ( Figure S3 ), and thus: In the case of polydispersity, each particle -weighted by its absorption coefficient -contribute to the width of the taylogram. Thus, the apparent particle size is determined from:
(37) 〈σ 2 (t)〉 = ∫ P(r) r 3 σ 2 (r,t) dr The second term dominates the right side of Equation (38), that is,
Therefore, by fitting the taylogram one essentially determines ⟨r 4 ⟩ ⟨r 3 ⟩ ⁄ . In the case of lognormal distribution
Depolarized scattering from multimodal suspensions
Let the particle radius be r, and the mass-based concentration (e.g. μg/mL) of the particle suspension be C. Then, the total mass of NPs in a volume V is
and the total number of uniform particles is
where δ is the mass density of the particles. In case of polydisperse spherical particles, Equation 41 can be written as
where n is the total number of polydisperse particles, m i the mass, V i the volume, and r i the radius of the i th particle.
can be written as n For a multimodal suspension with k modes:
where V j and C j are respectively the total volume and mass-based concentration of the j th particle mode of the suspension. The total number of particles within a given mode is
The corresponding average intensity of depolarized scattering is (48) 〈I j 〉 = � ρ j,h r j,h 6 n j h=1 = n j 〈ρ j r j 6 〉.
When the depolarization ratio is independent of the particle size: 〈ρ j r j 6 〉 = 〈ρ j 〉 〈r j 6 〉. The correlation function of a multimodal suspension having k modes thus can be expressed by the intensity-weighted sum of the respective modes:
. Therefore, in the case of bimodal suspensions the relaxation rate is the intensity-weighted sum of the relaxation rates of the respective modes: Since A j < 1, the value of 〈Γ〉 is between the relaxation rates of the respective modes, i.e. 〈Γ 1 〉 ≤ 〈Γ〉 ≤ 〈Γ 2 〉 when 〈Γ 1 〉 < 〈Γ 2 〉.
Small-angle X-ray scattering and TEM of PEG-coated Au NPs
The SAXS spectrum of PEG-coated gold citrate nanoparticles (PEG-CH3 Au NPs) was interpreted by the following model: diameter. TEM characterization of the core of these NPs determined 16.0 ± 2.6 nm (mean ± std). This is in good agreement with SAXS, and the small difference between the results (1.25 nm in radius) is attributed to the fact that particles are aspherical.
Correlation function of depolarized scattering from polymer-coated particles
In the presence of a polymer grafted or adsorbed onto the surface, the hydrodynamic radius may be expressed as a function of the core radius: r H = γ(r) × r, where γ(r) > 1 is a function that embodies properties related to the polymer, such as molecular weight, graft density, and conformation. Both conformation as well as surface coverage is affected by particle size. In the case of e.g. gold particles grafted with PEG, it has been reported that grafting density decreases with increasing core size, since a smaller particle allows an increased grafting density on the account of a higher surface curvature. 21, 22 The polymer shell may affect the depolarization ratio as well, for the LSPR is sensitive to changes in the local dielectric environment. 23 Nevertheless, the depolarization ratio is expected to remain practically constant over the particle size distribution. In the presence of a polymer shell ⟨r n ⟩ → ⟨r H n ⟩ = 〈(γ(r) × r) n 〉, and it can be shown that Finally, we obtain: where γ represents the factor quantifying the hydrodynamic radius of the polymer shell.
Raw moments of (Γ)
The field correlation function from polydisperse samples is frequently expressed as the Laplace transform of the probability density function describing the dispersion in the relaxation rate: 24, 25 (57)
Using the lognormal model, 〈Γ〉, 〈Γ 2 〉, and 〈Γ 3 〉 can be expressed as functions of ⟨r H n ⟩: 
Light scattering from nanoparticles in biological media
Light scattering is an ensemble technique and simultaneously probes billions of scattering centres, including those found in biological and physiological media. In particular, proteins abundantly found in cell culture media contribute significantly to polarized scattering (DLS). 26 However, compared to optically anisotropic NPs, the magnitude of depolarized scattering (DDLS) from cell culture media is very small, which ensures an excellent selectivity towards the particles. 26 To demonstrate the advantage of DDLS over standard DLS, we measured scattering from silver nanoparticles (PVP-coated Ag NPs, Figure S8 ). The Ag NPs were synthesized as described by Andrade et al. 27 Next we compared the corresponding scattering intensities and correlation functions. Figure S10 shows that compared to the Ag NPs, the magnitude of the depolarized scattering (I vh ) from the cell culture media is less than 1%.
However, the magnitude of the polarized scattering (I vv ) from the cell culture media is over 50%, which may have crucial consequences on the analysis of the correlation function and the ability of determining particle size. This can be easily understood when one considers that the intensity auto-correlation function g 2 (t) is constructed via the following operation: and I(t) is the intensity trace recorded over a time period of T. If the scattered field is Gaussian, the Siegert relation connects the intensity auto-correlation function with the field auto-correlation function:
When one observes the fluctuations of a single coherent area (only one speckle) β = 1. Since it is only g 2 (t) that is accessible through experiments, the field auto-correlation function is derived via
For a dilute suspension of uniform NPs, the field correlation function is expected to be a negative exponential as a function of time (66) g 1 (t) = e −Γ t .
In the presence of scattering from the constituents of the cell culture medium, the intensity trace can be decomposed into at least two terms:
(67) I(t) = I NP (t) + I x (t).
The first one corresponds to the NPs of interest, and the second one corresponds to the cell culture medium. It follows that 〈I〉 = 〈I NP 〉 + 〈I x 〉. Accordingly, 〈I〉 2 = 〈I NP 〉 2 + 2〈I NP 〉〈I X 〉 + 〈I x 〉 2 , and the intensity auto-correlation function will be composed of several terms: Indeed, Figure S11 clearly shows the presence of the media in the experimentally obtained DLS spectrum. While the scattering spectrum of Ag NPs in water exhibits two decays -a characteristic 'bimodal' feature of the DLS spectra of plasmonic NPs -, in cell culture media the scattering contribution further adds to the complexity of the decay and shape of the correlation function. Given that particle size is estimated via g 2 (t) − 1, this influences the apparent size and may come with difficulties when interpreting real particle size. If the cellular medium is inert towards the suspended particles, or the interactions between NPs and the cellular media is moderate, one might be able to overcome this difficulty by characterizing a) the cellular media without NPs, b) the NPs in an aqueous 'empty'
background', and finally c) the NPs in the fluid. However, cellular media are rarely inert towards NPs and induces several complex and simultaneous phenomena, such as protein adsorption, particle dissolution and aggregation. 28 In such cases this approach cannot be followed because the scattering 'reference' from the cellular media and NPs both become invalid. 29 Figure S11 : DLS intensity auto-correlation functions constructed from I vv at θ = 20 o .
